The effect of incorporating a spatially variable effective mass in the Schrodinger equation method of resonant tunneling device modeling is investigated. It is shown that inclusion of this effect can produce an order of magnitude difference in the calculated peak current density of the static current-voltage (1-V) curve for the resonant tunneling diode. Results for a particular In o . SJ Ga 0 .47 As-AlAs structure show that much better agreement between theory and experiment is obtained by including this effect. Also, comparison of transient results for an 1n0.53 G8.0.47 As-ln o . 52 AlO.4S As structure shows a significant change in the diode switching transients.
(Received 3 July 1989; accepted for publication 11 October 1989) The effect of incorporating a spatially variable effective mass in the Schrodinger equation method of resonant tunneling device modeling is investigated. It is shown that inclusion of this effect can produce an order of magnitude difference in the calculated peak current density of the static current-voltage (1-V) curve for the resonant tunneling diode. Results for a particular In o . SJ Ga 0 .47 As-AlAs structure show that much better agreement between theory and experiment is obtained by including this effect. Also, comparison of transient results for an 1n0.53 G8.0.47 As-ln o . 52 AlO.4S As structure shows a significant change in the diode switching transients.
The state of the art of resonant tunneling diode modeling is such that good agreement between calculated and experimental results is difficult to obtain. Analyses using energy eigenstates obtained from the time-independent Schrodinger equation typically underestimate the bias voltage at which peak current occurs and overestimate the peak-to-vaHey current ratio.l-4 Wigner function calculations present severe numerical difficulties that have not yet been overcome."
In this letter, the effects of including different effective masses in the Schrodinger equation corresponding to the different material layers of the device are investigated, The method of including variable effective mass is to maintain continuity of (lIm* )otf;lax in the finite difference approximation of Schrodinger's equation, which maintains current continuity within the envelope function approximation. 5 • 6 (To simplify the calculations, effective mass variations in the x direction only are included, so that variations in transverse energy do not appear for energy eigenstates.
)
This method is expected to work well when smoothly matched envelope where irefers to meshpoint i. In Eg. (3), effective mass value mr is taken to be the effective mass midway between meshpoints i and i + 1, so that the effective mass values are specified on a staggered mesh with respect to wave function and potential energy values.
Collecting terms yields the following discrete equation for advancement to the right: 
The current density for the quantum state 1/1 is given by
Multiplying Eq. (1) by if*' and subtracting the complex conjugate of the resulting equation, it can be shown that a solution tf;(x) of Eq.
(1) will have J(x) constant with x. To preserve current continuity in the discrete form ofthe equation, the following finite difference form of Eq. (1) is used:
Using Egs. (4) or (5), it can be shown that constant current is maintained if the foHowing discrete expression for current density is used:
Equations (4) and (5) 
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.... were fabricated using conventional lithography techniques. Nonalloyed ohmic contacts of NilGe/Au/Tii All were used. 10 Figure 1 
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::l 357 kA/cm 2 is over an order of magnitude larger than the experimental value. Figure 1 (c) shows a calculation with m" = a.15m o ' the bulk value for AlAs, used in the barrier regions and m* = O.042mo outside. The effective mass discontinuity decreases the calculated peak current density to 9.3 kA/cm 2 , much closer to the experimental value. Since it is unrealistic to assume that the effective mass changes across a single meshpoint to the bulk AlAs value as is done for the results in Fig. 1 (c) , it is expected that this calculation underestimates the peak current density. The current peakto-valley ratio is increased from 65 in Fig. 1 (b) to 3120 in 1 (c); the fact that phonon and electron-electron scattering are ignored in the quantum mechanical calculation for current may explain why the calculated peak-to-vaHey ratios are much higher than the experimental value of 24 in 1 (a).
The overall effect of introducing variable effective mass observed by comparing Figs. 1 (b) and 1 (c) is similar to the effect expected from increasing the barrier height for the uniform effective mass case, This behavior was pointed out in Ref. 12 from a study of the tunneling transmission coefficient in the GaAs-Al x Gal _ x As material system. Increasing the barrier height is expected to reduce the peak current density, increase the current peak-to-vaHey ratio, and decrease the device switching speed. (Since time-dependent calculations are alSO performed for this structure, the self-consistent potential is not induded in these results.) In this case the assumed barrier discontinuity is 0.53 eV, less than half the discontinuity for the structure of Fig. 1 . In addition, the effective mass discontinuity is smaner. It is seen that the reduction in peak current density is smaller for this case, although a factor of 2 is still obtained.
Figure 2(e) compares the switching transients from peakto-valley current points for the uniform (solid curve) and variable mass (dashed curve) cases. (The initial oscillations are due to reflections between the barriers of electrons inside the quantum weB.
3 ) As expected, a decrease in switching speed is observed when the effective mass discontinuity is included. (Since this method does not include scattering and underestimates the valley current, it is expected that the actual reduction of switching speed is less.) This effect should become more important as the effective mass discontinuity increases.
A method of including variable effective mass in the solution of the time-independent and time-dependent Schrodinger equations within the envelope function approximation for resonant tunneling diodes has been presented. It was shown that inclusion of this effect is important for accurately predicting peak current densities and switching speeds for these devices.
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